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Blocking Rac1 function in precursors of the indirect flight muscle of Drosophila severely disrupts muscle formation. The DLM fibers that
develop using larval scaffolds are reduced in number and fiber size, while the DVMs, which develop using founder cells, are mostly absent.
These adult muscle phenotypes are in part due to a reduced myoblast pool present at the third larval instar. BrDU labeling studies indicated
that this is primarily due to a reduction in proliferation. In addition, DVM myoblasts display altered morphology and are unable to segregate
into primordia. This defect precedes the evident block in fusion. We also show that the recently described DVM founder cells can be labeled
with 22C10 and h-3 tubulin, and that they are present under conditions of dominant negative Rac1N17 expression. Despite the presence of
founder cells, DVM fiber formation is rarely observed. Although DLM myoblasts are able to segregate around their larval scaffolds, the pace
of fusion is reduced and consequently there is a delay in DLM fiber formation. Thus, in addition to its well-established role in fusion, Rac1 is
also involved in the regulation of myoblast proliferation and segregation during adult myogenesis. These are two new roles for Rac1 in
Drosophila.
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Two sets of muscles are made during the Drosophila life
cycle: a larval set that is patterned during embryonic
development, and an adult set that is patterned during
metamorphosis. The adult musculature is used to execute
behaviors that are unique to this stage, such as flight and
jump. The development of these muscles occurs in the
context of nervous system remodeling, wherein adult-
specific neural circuits are established by utilizing compo-
nents of the larval nervous system (motor neurons) as well
as by integrating newly born interneurons (Truman, 1990;
Truman and Bate, 1988). Adult myogenesis has not been0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: fernanjj@muohio.edu (J.J. Fernandes).studied in the same detail as its embryonic counterpart. This
presents unique opportunities to address the extent to which
myogenic events in the pupa are similar to the embryo, how
they might differ, and to examine the molecular basis of the
differences.
Adult myogenesis has several features that are distinct
from embryonic myogenesis, the most prominent being the
neuronal regulation of muscle patterning (Fernandes and
Keshishian, 1995, 1999). In the embryo, muscle pattern
develops prior to the arrival of motor neurons, whereas,
during myogenesis of adult muscles, muscle formation and
the outgrowth of adult motor neuron branches take place
simultaneously, allowing synaptic partners to influence
each other’s development. A role for the nervous system in
influencing adult muscle patterning was first demonstrated
for the large male-specific muscle in the abdomen using
mosaic analysis (Lawrence and Johnston, 1986). Subse-285 (2005) 11 – 27
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(Currie and Bate, 1995) and chemical cell ablation
(Taylor and Knittel, 1995) have shown that in the abdo-
men, both muscle patterning and myoblast recruitment
are regulated by innervation. In the case of the large
indirect flight muscles of the thorax, it has recently been
demonstrated that innervation regulates properties of
founder cells, which prefigure the adult fibers (Fernandes
and Keshishian, 2005). In addition, innervation also
influences myoblast proliferation.
An interesting aspect of myogenesis is the co-ordinate
regulation of muscle size and number. In the Drosophila
embryo, muscle number is regulated by specialized founder
cells which prefigure each of the 30+ muscle fibers in each
hemisegment (reviewed in Bate et al., 1999). These founder
cells express unique combination of genes that distinguish
them from the surrounding myoblasts (Taylor, 2003;
Dworak and Sink, 2002). Although much work has been
done to elucidate the molecular mechanisms that underlie
embryonic muscle patterning, the regulation of muscle size
remains unknown (Taylor, 2003). For the large adult
muscles such as the indirect flight muscles, where nuclei
are in the order of thousands per fiber (Kopec, 1923), the
regulation of muscle size is particularly important. The large
numbers of myoblasts required for the formation of the
IFMs are produced through a prolonged period of prolifer-
ation that begins in the larval stages (Bate et al., 1991) and
continues through the first 24 h of metamorphosis when
much of pupal myogenesis occurs (Fernandes and Keshish-
ian, 2005). Continuous cycles of fusion and proliferation are
thought to occur such that proliferation can replenish the
myoblast pool that gets depleted as a result of fusions
(Fernandes and Keshishian, 1998, 2005). Thus, a balance
between fusion and proliferation is a major component that
regulates muscle size.
Adult myogenesis in Drosophila shares some features
with vertebrate skeletal myogenesis, for example, the nerve-
dependent regulation of myogenesis (reviewed in Fernandes
and Keshishian, 1999). The continuous cycles of fusion and
proliferation are also seen during skeletal muscle develop-
ment. Cell culture studies involving vertebrate myoblasts
(reviewed in Charrasse et al., 2003) suggests that the Rac
GTPase plays a prominent role in regulating proliferation
rates in myoblasts. In C2 myoblasts, Rac1 activity prevents
cell-cycle withdrawal and p21 induction, and induces cyclin
D1 expression (Heller et al., 2001). Constitutively active
Rac1 and Cdc42 have been observed in three human
Rhabdomyosarcoma-derived cell lines, wherein cell prolif-
eration can be inhibited by dominant negative Rac1 and
Cdc42 (Meriane et al., 2002).
During Drosophila embryogenesis, blocking Rac activity
in embryonic myoblasts by the overexpression of Rac1N17
disrupts fusion (Luo et al., 1994). More recently, the
function of Rac during development has been studied in
loss of function alleles of the three Rac genes Rac1, Rac2,
and Mtl (Hakeda-Suzuki et al., 2002; Ng et al., 2002). Thesestudies have revealed overlapping functions of the three
genes in controlling epithelial morphogenesis, myoblast
fusion, and axon outgrowth and guidance. In the case of
embryonic myogenesis, it was found that only the double
mutant Rac1 Rac2 showed significant failure in myoblast
fusion.
Here, we investigate a role for Rac1 during myogenesis
of the large indirect flight muscles found in the adult thorax
of Drosophila. Since the double mutants used in the
embryonic study do not survive to adulthood, we have
used the dominant negative Rac1N17 allele to block Rac
activity in IFM myoblasts. The IFMs are made up of two
muscle groups, which develop using distinct modes of
myogenesis (Fernandes et al., 1991). The Dorsal Longi-
tudinal Muscles (DLMs) are the wing depressors; they
develop using persistent larval muscles as scaffolds. The
Dorsal Ventral Muscles (DVMs) which are the wing
elevators, are prefigured by large founder cells, one per
fiber (Rivlin et al., 2000; Dutta et al., 2004; Fernandes and
Keshishian, 2005). The formation of both muscle groups is
affected when the function of Rac1 is blocked. Rac
expression appears to be particularly significant for DVM
myogenesis: DVM myoblasts express higher levels of Rac
than do DLM myoblasts. Targeted expression of the
dominant negative Rac1N17 in myoblasts results in alter-
ations in myoblast morphology, followed by an inability to
segregate into DVM forming primordia and a complete
failure of fusion. DLM myoblasts are also affected but not
as severely. Our studies indicate that prior to the occurrence
of fusion, Rac1 plays an important role in proliferation as
well as segregation of adult myoblasts. These are new roles
for Rac in Drosophila, and similar to those reported in
vertebrates, where in addition to its traditional role in
affecting cytoskeletal changes, Rac is also involved in
regulating proliferation (Gu et al., 2003).Materials and methods
Fly strains for targeted expression
The Gal4/UAS system (Brand and Perrimon, 1993) of
targeted expression was used. The 1151-Gal 4 line (source:
LS Shashidhara, CCMB. Hyderabad, India) was used as a
myoblast-specific driver. It is expressed in all imaginal disc-
associated myoblasts and has been previously used to study
the effect of targeting transgenes on IFM myogenesis (Roy
and VijayRaghavan, 1998; Dutta et al., 2004). 1151 was
used to drive the expression of a dominant negative Rac
allele, Rac1N17 (Thr 17-Asn 17; Luo et al., 1994). When
expressed in embryonic myoblasts, Rac1N17 causes abnor-
malities in myoblast fusion. The UAS-Rac1N17 line used in
that study (insert on chr 3) was obtained from the
Bloomington Stock Center. 1151 homozygous females were
crossed to males homozygous for UAS-Rac1N17. Through
standard genetic crosses, flies of the genotype 1151/+; UAS-
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a control for most experiments. In addition, it was
determined that 1151/+, UAS-Rac1N17/+, +/+ (Oregon R),
and w1118/+ were not significantly different from 1151/
1151 as controls. The Gal80ts TARGET (McGuire et al.,
2003; McGuire et al., 2004) system was used as described
below.
Temporal regulation of targeted transgene expression
The Gal80ts TARGET system was used for temporal
regulation of transgene expression. Gal80ts flies were
obtained from the Bloomington Stock Center. Through
standard genetic crosses, animals of the genotype 1151/+;
Gal80ts/+; UAS-Rac1N17/+ were generated. 1151;Gal80ts
homozygotes were used as the control genotype. Gal80
normally binds to and represses Gal4. Gal80ts is a temper-
ature-sensitive mutation that inactivates the repressor
function of Gal80 at restrictive temperatures (29-C). Thus,
at permissive temperatures (18-C), the Gal80 molecule
binds to Gal4 and blocks activation of the UAS-transgene
(in our case, expression of 1151-driven UAS-Rac1N17 will
not occur). At restrictive temperatures (29-C), Gal80 is
inactivated, thus allowing targeted expression of the UAS-
transgene under Gal4 control. In our hands, 25-C was a
restrictive temperature as well. Using EGFP as a reporter,
we have determined that the Gal80ts molecule is inactivated
4–6 h after being shifted to restrictive temperatures. By
starting the inactivation protocol at 0 h APF, we can ensure
that transgene expression begins as early as 4–6 h APF. To
ensure that the UAS transgene is activated at 0 h APF, we
also started the inactivation protocol at the wandering third
larval instar. No difference in outcomes was seen (data not
shown). Two sets of experiments were conducted using the
TARGET system. In the shift-up experiments, animals were
grown at 18-C during the embryonic and larval stages (Gal
80 ON; Gal4 OFF; UAS OFF), and 0 h pupae/wandering
third instar larvae were moved to 29-C (Gal 80 OFF; Gal4
ON; UAS ON). In the shift-down experiments, animals
were grown at 29-C during the embryonic and larval stages
(Gal 80 OFF; Gal4 ON; UAS ON), and 0 h pupae/
wandering third instar larvae were moved to 18-C (Gal 80
ON; Gal4 OFF; UAS OFF).
Staging and tissue processing
Adult thoraces
Two-day-old animals were used for sectioning. Thoraces
were isolated, fixed overnight in 4% paraformaldehdye
(4-C), washed in PBS followed by a 0.85% NaCl wash. The
thoraces were then dehydrated in an alcohol series (50%,
70%, 90%, 100%) followed by washes in xylene, and
embedding in paraffin. Thoraces were reoriented for cross
sections or longitudinal sections. 10-Am sections were
collected on glass slides, stained with Methylene Blue,
and mounted in Permount for visualization.Imaginal discs
Wandering third instar larvae were collected, washed,
and cut into two halves. The anterior half was turned inside
out to reveal imaginal discs. The preparation was fixed for
half an hour in 4% paraformaldehyde at room temperature,
washed in PBS, and subjected to immunostaining. Discs
were isolated on glass slides and mounted for viewing.
Pupae
White pre-pupae were collected and timed as 0 h APF
(after puparium formation). They were aged to desired time
points. Head eversion (12 h APF) was used as a method of
synchronization to obtain appropriately aged animals for the
14- to 24-h time period. Dissected pupae were fixed in 4%
paraformaldehyde, washed in TBS, and processed for
immunostaining.
Fluorescent immunocytochemistry
Myoblasts were labeled with rabbit anti-Twist (diluted
1:5000; Siegfried Roth, Univ. Cologne, Germany) or rabbit
anti-Erect Wing (1:500; K. White, Brandeis Univ.). Deve-
loping fibers were labeled with rabbit anti-h3 Tubulin
antibodies (1:5000; R. Renkawitz Pohl, Marburg) or 22C10
(1:50; DSHB). Myoblast morphology was observed using
anti-Tyr tubulin (1:50; Chemicon International) and anti-h3
Tubulin. During the early stages of myogenesis (12–16 h),
myoblast anti-Tyr tubulin was a better marker for morphol-
ogy. At 24 h, h-3 tubulin was a better marker for myoblast
morphology. Rac expression was examined using Anti-Drac
(1:150; BD Biosciences Pharmingen). Alexa-fluorophore-
labeled antibodies (Molecular Probes) were used as secon-
dary labels (Alexa 488 anti-rabbit; Alexa 555 anti-mouse).
Images were captured using laser confocal microscopy
(Olympus Fluoview500). Epifluorescent images were col-
lected using a Nikon E600 microscope.
Assaying proliferation
Pupae and imaginal discs were dissected and incubated
in Leibowitz L-15 medium with 0.5-mg/ml bromodeoxyur-
idine (BrdU) for 15 min at 25-C. They were then rinsed in
PBS, fixed in 4% paraformaldehyde, and washed in TBS.
Hydrolysis was carried out using 3 N HCl (30 min at RT),
followed by washes in TBS. BrDU was detected using anti-
BrDU antibodies (1:50; DSHB, Iowa) and fluorescent
secondaries (Alexa). Myoblasts were counted in 2500 Am2
regions within the myoblast pool. Each data point represents
an average of 6–8 random samplings in the myoblast pool
from 6 to 8 animals.
Area measurements
Area occupied by myoblasts in imaginal discs was
calculated as a fraction of the total are of the wing disc.
Area occupied by pupal myoblasts was also measured by
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DLMs was measured in transverse sections of the adult
thorax. For consistency, transverse sections closest to the
wing hinge were chosen. Area occupied by DLMs in control
animals was assigned a 100% value, and cross-sectional
area of the mutants was expressed as a percentage of the
controls. ImagePro PlusT was used to calculate areas from
digital images. Image Pro Plus. Statistical analyses were
conducted using Minitab software (www.minitab.com) as
well as statistical functions in Microsoft Excel.Fig. 1. Overexpression of the dominant negative Rac1N17 allele in adult
myoblasts results in reduced or missing thoracic muscles in the adult. (A)
The IFM profile in 1151 (Controls). Six DLM fibers (*) and three sets of
DVM fibers are shown. The TDT is a leg muscle, which is located between
DVMs 1 and 2. (B, C) The IFM profile in 1151/+; UAS RacN17/+. DLM
fibers are reduced in number and size. The DVMs and the TDT are mostly
absent. Scale bar represents 100 Am. (D) The thoracic area occupied by the
DLMs in 1151/+; UAS Rac1N17/+ is significantly reduced ( P = 0.003).Results
IFM phenotypes in 1151 Gal4/UAS-DRac1N17 animals
The Gal4/UAS system of targeted transgene expression
(Brand and Perrimon, 1993) was used to express the
dominant negative Rac1N17 in adult myoblasts. The
myoblast specific driver, 1151 Gal4 (henceforth referred to
as 1151), is expressed in myoblasts at the third instar stage
and during pupal myogenesis (Roy and VijayRaghavan,
1998; Dutta et al., 2004) and was used for the targeted
expression of UAS-Rac1N17.
The indirect flight muscles are some of the largest and
most prominent thoracic muscles. In longitudinal or trans-
verse sections of the adult thorax, the six fibers of the Dorsal
Longitudinal Muscle (DLM) can be identified as profiles
closest to the midline (Fig. 1A). The other group of IFMs,
the Dorso-ventral muscles, occupy a more lateral position.
There are 3 groups of these muscles, DVM I with 3
fascicles, and DVMs II and III with 2 fascicles each. The
tergal depressor of the trochanter (TDT), commonly referred
to as the jump muscle, is located between DVMs I and II,
and is a mesothoracic leg muscle. An examination of
thoracic muscle profiles in 1151 Gal4/+; UAS-Rac1N17/+
adults revealed striking IFM defects (Figs. 1B, C). The
DVMs and the jump muscle were almost never observed in
adult thoraces. Thin wispy fibers can be seen in hemi-
thoracic preparations (data not shown). The jump muscle is
of a ventral lineage (Lawrence, 1982), arising from
myoblasts of the mesothoracic leg. Its development is
affected in 1151 Gal4/+; UAS-Rac1N17/+ because the 1151-
Gal4 driver is also expressed in leg disc myoblasts. The
DLMs do form, but are smaller in size, and altered in
number.
The effect on DLM fibers was quantified in two ways.
First, we determined the cross-sectional area of the DLM
fibers in 1151/+; UAS-Rac1N17/+ animals as a percentage of
the area in 1151/1151 animals, which was normalized to
100%. There is a 35% reduction in area occupied, which is
significantly different from the control (P = 0.001; Fig. 1D).
There was no significant difference in the cross-sectional
area of the thoraces in the two genotypes (data not shown).
Second, we determined the number of DLM fibers in each
hemithorax. In the control, six DLMs are always seen (6 T0; n = 13), whereas in 1151/+; UAS Rac1N17/+ adults, the
mean number of DLM fibers was reduced (4.12 T 0.17; n =
18). We never observed any thoraces with all six DLM
fibers. We find that thoraces usually have 3, 4, or 5 fibers,
and that the frequency of finding each type is equal (33%).
The reduced muscle mass may be due to insufficient
myoblasts, reduction in fusion, or a combination of both.
Myoblast pool in wing imaginal discs
Since myoblasts that give rise to the IFMs are associated
with the wing imaginal disc (Lawrence, 1982; Fernandes et
al., 1991), we examined myoblasts in the third instar larva.
Several analyses were carried out (Fig. 2; Table 1). The area
(Fig. 2D) and density (Fig. 2E) of the myoblast pool were
compared between control and mutant imaginal discs.
Myoblasts occupy about 27% of the total wing disc area
in the controls and 22% in mutants, a difference that is
statistically significant (P < 0.001). The density of
myoblasts was examined by counting myoblast numbers
in a 2500 Am2 area in all focal planes. Here, too, it was
observed that the density was reduced in mutants (P <
0.0001). An estimate of myoblast numbers in a representa-
tive plane of the wing imaginal disc revealed that there was
a 43% reduction in the number of adult precursors (Fig. 2F;
Fig. 2. Effects of Rac1N17 expression on myoblasts in the wing imaginal discs. (A) Myoblasts are located in the notum region of the wing disc. Close-up of
myoblasts in the notal region in (B) 1151 and (C) 1151; UAS Rac1N17. In imaginal discs of 1151; Rac1N17 larvae, the area occupied by myoblasts (D) is
significantly reduced (P = 0.001) as compared with controls. In addition, the density of myoblasts (E) is also significantly reduced (P = 0.000). (F) An
estimate of the number of myoblasts in a representative notal plane of the wing imaginal disc indicates a significant reduction (P = 0.000). (G) Rac1N17
expressing myoblasts also show reduced proliferation rates when compared with controls (P = 0.004). Scale bar represents 100 Am in panel A and 50 Am in
panels B and C.
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larval stages, and may in part result in the reduction of
muscle mass seen in adult thoraces. Interestingly, at the late
embryonic stages, when precursors of the adult muscles are
set aside, there is no significant difference between the
numbers of cells in 1151/+; UAS-Rac1N17/+ and 1151/1151
embryos (Mutant: 17.3 T 0.55; Control: 17.1 T 0.4). This
information served as an important control, as the defects
seen at the third larval instar were not due to an earlier
event.
Proliferation rates of myoblasts in the wing disc were
also examined, and were measured as the fraction of Twist-
positive myoblasts that also labeled with BrDU (Fig. 2G). In
controls, 30% of myoblasts were proliferative, whereas in
experimental animals, 25% of myoblasts were proliferative.This difference was statistically significant (P < 0.005). To
confirm the authenticity of this difference, we also examined
proliferation rates in two additional controls, 1151/+ and
UAS-Rac1N17/+. They were not significantly different from
1151/1151 (P = 0.0832). Consistently, proliferation rates in
1151/+; UAS-Rac1N17/+ were significantly reduced (P <
0.02) when compared with either of the additional controls.
Rac1 expression in the myoblast pool
In order to affirm that the phenotypes we observed were
due to the disruption of native Rac1 activity by the dominant
negative Rac1N17, we examined Rac1 expression in adult
myoblasts. Rac1 RNA expression has previously been
reported in embryonic mesoderm (Luo et al., 1994) and
Table 1
Effect of Rac1N17 expression on DLM myogenesis
Wing disc 12 h 16 h 20 h 24 h
Myoblast expanse
(Am2)
1151 0.273 T 0.009a (20) 78,789 T 3880 (n = 7) 58,825 T 1755 (n = 7) 54,540 T 2935 (n = 9) 51,447 T 2538 (n = 8)
1151;
UAS Rac1N17
0.22 T 0.01a (21) 60,374 T 4743 (n = 6) 63,034 T 1393 (n = 8) 41,746 T 1857 (n = 10) 39,115 T 2716 (n = 9)
P = 0.001 P = 0.005 P = 0.036 P = 0.0007 P = 0.003
Myoblast density
(per 2500 Am2)
1151 112.8 T 1.8 (11) 68.36 T 1.3 (n = 33) 67.12 T 1.5 (n = 34) 96.29 T 1.7 (n = 24) 99.28 T 1.0 (n = 25)
1151;
UAS Rac1N17
89.6 T 3.85 (8) 68.05 T 1.4 (n = 17) 71.70 T 1.1 (n = 33) 77.39 T 1.3 (n = 28) 56.76 T 1.7 (n = 21)
P = 0.000 P = 0.44 P = 0.008 P < 0.0001 P < 0.0001
Myoblast
proliferation
(per 2500 Am2)
1151 0.301 T 0.007 (6) 0.60 T 0.01 (n = 33) 0.63 T 0.01 (n = 34) 0.72 T 0.01 (n = 24) 0.68 T 0.008 (n = 25)
1151;
UAS Rac1N17
0.254 T 0.009 (6) 0.59 T 0.01 (n = 17) 0.62 T 0.01 (n = 33) 0.71 T 0.007 (n = 28) 0.53 T 0.016 (n = 21)
P = 0.004 P = 0.20 P = 0.14 P = 0.26 P < 0.0001
a Ratio of myoblast to wing disc area.
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(Chen et al., 2003). The wing imaginal disc was examined
for Rac expression, since it harbors myoblasts that give rise
to the IFMs (Lawrence, 1982; Fernandes et al., 1991). Rac
protein was detected in the wing disc myoblasts in third
instar larvae (Figs. 3A and B). The expression appeared to
be concentrated in puncta at the cell surface (Fig. 3C).
Induced expression of Rac1N17 in myoblasts resulted in a
loss of the punctuate expression pattern (Fig. 3F), probably
due to high protein levels. Rac expression continues to be
observed during the pupal stages for most of the myogenic
period. At 24 h APF, we consistently observed stronger Rac
staining in the DVM myoblasts than in the DLM myoblasts
(Figs. 2G–I). This trend is seen as early as 12 h APF (Figs.
3J and K), prior to the onset of fusion.
Pupal myogenesis
In order to identify how myogenesis in the dominant
negative mutants diverged from events that normally take
place in the wild-type, we examined myogenesis in the
mutants and compared them to controls (as described in
Materials and methods). Adult muscles are generated during
the pupal phase, which normally lasts for 4 days. Most of
the events in myogenesis, including muscle patterning, are
completed during the first day (Fernandes et al., 1991), and
the muscles grow in size during the subsequent days.
Myoblasts from the wing disc are present at sites of
myogenesis as early as 6 h APF, and fusion, as detected
by the onset of IFM-specific Actin expression, is observed
at 14 h APF (Fernandes et al., 1991). Pupal myogenesis was
examined at four representative stages: 12 h APF (prior to
fusion) 16 h APF (rapid fusion), 20 h APF (peak
proliferation), and 24 h APF (decline in proliferation). The
results are summarized in Table 1 (DLM) and Table 2
(DVM).
Myoblast organization and proliferation
DLM. At 12 h APF, the expanse of the myoblast pool
around the DLMs in 1151/+; UAS-Rac1N17/+ animals issignificantly smaller than that of controls (P = 0.005; Fig.
4A). This is likely to reflect the reduced pool of myoblasts
at the larval stage. In control animals, the myoblast expanse
decreases sharply by 16 h APF, and can be attributed to the
segregation of myoblasts around the larval scaffolds during
fusion. By contrast, in 1151/+; UAS-Rac1N17/+ animals, the
expanse remains unchanged between 12 h and 16 h APF.
There is a sharp decline by 20 h APF, a feature that is
distinct from control animals. An examination of myoblast
density (Fig. 4B) revealed that there was no difference at
earlier stages (12–16 h APF), but significant differences
were seen during the 20- to 24-h period. Myoblast
proliferation was detected using BrDU to label myoblasts
with S-phase nuclei. At each stage, the fraction of BrDU-
positive myoblasts in a 2500 Am2 region was measured.
Myoblast proliferation is known to increase during the
period of fusion (16–20 h) and to decline by 24 h APF
(Fernandes and Keshishian, 2005). Although myoblast
proliferation in 1151/+; UAS-Rac1N17/+ animals remains
unchanged until 20 h APF (Fig. 4C), it probably does not
generate the required number of myoblasts, since expanse
and density as measured at 20 h APF is reduced. We also
examined proliferation rates in two additional controls,
1151/+ and UAS-Rac1N17/+ at 12 h and 24 h. The two
controls were not significantly different from 1151/1151
(P = 0.9). Consistently, proliferation rates in 1151/+; UAS-
Rac1N17/+ were significantly reduced (P < 0.0001) when
compared with either of the additional controls.
DVM. The proliferation of DVM myoblasts (Fig. 4E)
followed a trend similar to the DLM myoblasts. Myoblast
proliferation in 1151/+; UAS-Rac1N17/+ animals remains
unchanged until 20 h APF, after which there is a sharp
decline, which is statistically significant (P < 0.0001).
Myoblast density remains reduced at all stages examined
(Fig. 4D), and these reductions are statistically significant
(P < 0.005) when compared with controls. Myoblast
expanse was not measured because unlike the DLM
myoblasts, the DVM myoblasts form distinct primordia that
are separated and interspersed with other muscle-forming
groups (see Fig. 6).
Fig. 3. Rac1 expression in myoblasts. Myoblasts are visualized using anti-
Twist (Green) and Rac (Red) in imaginal discs (A–E), and pupae (G–K).
Native Rac expression is seen in control myoblasts (A: wing discs, B:
notum), and overexpressed Rac1N17 in 1151/+; UAS-Rac1N17 discs (D),
and notum (E). The output of the Red channel in panels D and E has been
considerably reduced in order to better show Rac1N17 expression. A
magnified view of native Rac expression shows punctate staining at the
surface of cells (C). This feature is not seen when protein levels are higher
due to Rac1N17 overexpression (F). Myoblasts from control pupae (G–I:
24 h APF; J–K: 12 h APF) show higher Rac expression in DVM
myoblasts than those of the DLM. Scale bar in panel A represents 100 Am
in panels A and D. Scale bar in panel B represents 50 Am in panels B, E,
and G. Scale bar in panel C represents 10 Am in panels C, E, H–K.
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Since major defects are apparent in 1151/+; UAS-
Rac1N17/+ animals at later stages of myogenesis, i.e., at a
time when fiber formation has already occurred in controls,
it was necessary to determine if this was a manifestation ofdefects in prior events such as myoblast segregation and the
onset of fiber formation. For this purpose, we used markers
that label founder cells and myoblasts and examined muscle
patterning during the 12- to 24-h APF period, when
myogenesis is ongoing.
DVM development. The most prominent effect on segre-
gation was observed during DVM myogenesis. Each DVM
fiber is prefigured by a large imaginal pioneer cell (Rivlin
et al., 2000), and also expresses the embryonic founder-
cell marker, Dumbfounded (Dutta et al., 2004; Fernandes
and Keshishian, 2005), an IGSF protein (Ruiz-Gomez et
al., 2000). Are these cells present in 1151/+; UAS-
Rac1N17/+ animals? We fortuitously discovered that
22C10, almost exclusively used as a neuronal marker,
also labels the founder cells. The 22C10 label is the
product of the futsch gene, and labels a microtubule-
associated protein (Hummel et al., 2000; Roos et al.,
2000). Beginning at 12 h APF, 22C10 marks the outline of
founder cells (Figs. 5A and B). This is the first time that
the entire extent of a DVM founder cell has been
identified. 22C10 also labels the primordium of the jump
muscle or the TDT (Fig. 5B), and microtubule-rich arrays
with which other myoblasts are closely associated (Figs.
5A, B). The founder cell morphology is particularly
striking in 1151/+; UAS-Rac1N17/+ animals, where the
large nucleus of each founder cell is clearly visible, due to
the lack of fusion (Fig. 6E).
In order to detect fusion, expression of the transcription
factor, Erect Wing, was examined. It is first expressed in
subsets of myoblast nuclei just prior to fusion and continues
to be expressed after fusion in nuclei within the muscle
syncitium (DeSimone et al., 1996; Fernandes and Keshish-
ian, 1996). As early as 12 h, EWG is expressed in a subset of
myoblasts that appear clustered together (Figs. 5A, C). In
case of the DLM myoblasts, it is known that they are
situated close to the larval scaffolds are close to the sites of
fusion (Fernandes and Keshishian, 1996). It can therefore be
suggested that at 12 h APF, the EWG-expressing DVM
myoblasts are those that are in close proximity to the
founder cells. EWG expression is present in myoblasts of
1151/+; UAS-Rac1N17/+ animals; however, the clustering
feature is not evident (Figs. 5D, F). At this time, fusion is not
apparent in controls or in experimental animals. At 16 h APF,
fusion is well underway, and EWG-positive myoblasts can be
seen neatly lined up within the developing DVM fibers (Figs.
5G–I). By contrast, in 1151/+; UAS-Rac1N17/+, there is no
evidence of fusion and myoblasts remain unsegregated (Fig.
5J). The founder cell outlines can be detected using
22C10, and their large nuclei are EWG positive (Figs.
5K, L). By 20 h APF, when DVM fiber formation is
largely complete in controls (Fig. 5M), myoblasts in
1151/+; UAS-Rac1N17/+ (Fig. 5N) remain unpatterned.
The founder cells continue to be detected using 22C10,
but their nuclei no longer express EWG. In controls,
22C10 labels all DVM fibers.
Table 2
Effect of Rac1N17 expression on DVM myogenesis
Wing disc 16 h 20 h 24 h
Myoblast density
(per 2500 Am2)
1151 112.8 T 1.8 (11) 70 T 2.8 (n = 11) 96.7 T 2.6 (n = 9) 85.6 T 1.4 (n = 10)
1151; UAS Rac1N17 89.6 T 3.85 (8) 56.6 T 4.2 (n = 9) 64.7 T 3.6 (n = 10) 43 T 2.3 (n = 12)
P = 0.000 P = 0.004 P < 0.0001 P < 0.0001
Myoblast proliferation
(per 2500 Am2)
1151 0.301 T 0.007 (6) 0.48 T 0.014 (n = 11) 0.55 T 0.022 (n = 9) 0.55 T 0.011 (n = 10)
1151; UAS Rac1N17 0.254 T 0.009 (6) 0.42 T 0.01 (n = 9) 0.51 T 0.015 (n = 10) 0.31 T 0.016 (n = 12)
P = 0.004 P = 0.14 P = 0.16 P < 0.0001
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three persistent larval muscles (Fernandes et al., 1991).
Myoblasts that originate from the wing disc gather around
the larval muscles and fuse with them to form the adultFig. 4. Effects of Rac1N17 expressionfibers. At 12 h APF, prior to the onset of fusion, the EWG
expression pattern reveals that myoblasts are tightly
clustered around the larval scaffolds as compared with
1151/+; UAS-Rac1N17/+ (Figs. 6A, B). This may be aon DLM and DVM myoblasts.
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a reduced ability of myoblasts to ‘‘migrate’’ closer to the
larval scaffolds in preparation for fusion. By 16 h APF (Fig.
6C), as fusion is underway, a characteristic feature of muscle
splitting is observed, each larval muscle giving rise to a pair
of DLM fibers by 20 h APF. In 1151/+; UAS-Rac1N17/+,
large nuclei within the larval scaffolds express EWG just as
in controls, but very little fusion of adult myoblasts is
detected (Fig. 6D). In controls, several rows of EWG-
positive nuclei are seen within the splitting larval scaffolds.
This reduced pace of fusion likely contributes to the delay in
fiber formation, which is evident at 20 h APF. In controls,
six distinct DLM fibers are evident as columns of EWG-
expressing nuclei (Fig. 6E), but not in 1151/+; UAS-
Rac1N17/+ (Fig. 6F). By 24 h APF, the six fibers increase in
diameter as a result of continued myoblast fusion in the
controls (Fig. 6G). In 1151/+; UAS-Rac1N17/+ the majority
of animals (75%) show only 3 DLM fibers. The remaining
25% of animals exhibit 3 or more fibers, indicative of a
slower pace of muscle development (Fig. 6H). This
observation is in agreement with the adult phenotype where
a reduction in adult muscle size as well as number is
observed (Fig. 1).
Myoblast morphology
Since Rac is known to control cytoskeletal dynamics and
cell shape, we sought to observe potential changes in
myoblast morphology as a result of expressing Rac1N17. We
used h-3 tubulin and tyrosinated tubulin to visualize
myoblast morphology. h-3 tubulin is expressed in myoblasts
and muscle fibers during myogenesis of adult abdominal
muscles (Currie and Bate, 1991). Tyrosinated tubulin is a
marker of dynamic microtubules, since only newly synthe-
sized tubulin contains a Tyrosine residue at its C-terminus
(Dent et al., 1999). Early during myogenesis (12 h APF),
myoblasts are easily visualized with anti-Tyr-tubulin (Figs.
7A, B). At this time, h-3 tubulin readily labels DVM
founder cells as well larval scaffolds of the DLMs (Fig. 7).
In both controls and 1151/+; UAS-Rac1N17/+, DVM
myoblasts are aligned along the long axis of the founder
cells, and there are no obvious differences in myoblastFig. 5. Effects of Rac1N17 expression on DVM development. Left column:
1151 (control); Right column: 1151/+; UAS Rac1N17/+. 12 h APF Double
labeling seen in panels A and D is split into the red channel (22C10; B and E)
and the green channel (EWG; C and F). Founder cells for DVMs I and II are
evident in both controls and experimental (arrows). 22C10 also labels
microtubule rich arrays (mt) in the DVM region. Myoblast segregation is
evident in panel C but not in panel F. 16 hAPF:Double labeling seen in panels
G and J is split into the red channel (22C10; H and K) and the green channel
(EWG; I). Myoblast segregation and fusion is evident in controls (G, I)
leading to fiber (*) formation (H). Segregation is not evident in experimental
(J) nor is fiber formation (K), although founder cells are still present. (L) A
DVM II founder cell and surrounding EWG-positive myoblasts. The large
founder cell nucleus is also EWGpositive.At 20 hAPF,whenDVMfibers are
distinct (M), only founder cells and surrounding unsegregated EWG-positive
cells are observed. Scale bar represents 50 Am.
Fig. 6. Effects of Rac1N17 expression on DLM development. Left column:
1151/+; Right column: 1151/+; UAS Rac1N17/+. At 12 h APF, anti-EWG
(green) detects myoblast segregation around the 3 larval scaffolds in both
1151 and 1151; UAS Rac1N17. However, in the latter, the density of
myoblasts appears reduced. The DVM primordia in 1151/+ are labeled 1, 2,
3. At 16 h APF, myoblast fusion is apparent in 1151/+ (arrowheads),
evident as rows of nuclei. This feature is absent in 1151/+; UAS Rac1N17/+.
By 20 h APF, six DLM fibers (*) are seen in controls but not in 1151/+;
UAS Rac1N17/+. At 24 h APF, continued fusion leads to increased fiber size
(visualized using 22C10; red channel). Most of the EWG-positive staining
is present within the fibers in this focal plane. In 1151/+; UAS Rac1N17/+,
although fusion has taken place, evidenced by onset of 22C10 expression,
appearance of the six DLM fibers is delayed. Open circles indicate the large
nuclei present within the larval scaffolds. Scale bar represents 100 Am.
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Alterations in myoblast morphology are first seen at 16 h
APF, At this time, fiber formation is evident in controls (Fig.
7C). Myoblasts expressing Rac1N17 are disorganized and
are not aligned along the long axis of the founder cells (Figs.
7D, DV). In these animals, the founder cell is very stronglylabeled with h-3 tubulin, and has increased in size. Changes
in cell shape are most evident during the 20- to 24-h period.
In controls, myoblasts are tightly clustered at the developing
DVM primordia. They take on a compact, rounded shape
(Fig. 7E) and are likely to be in the process of fusion (Figs.
7E and G). The morphology and organization of Rac1N17-
expressing DVM myoblasts at 24 h looks similar to that at
16 h. We have already determined that myoblast fusion is
absent or very delayed. Taken together, these data indicate
that although myoblasts are initially able to align with the
founder cells, cytoskeletal changes occurring subsequently
are impaired. These changes are necessary for myoblast
fusion to occur, thus explaining the almost complete lack of
DVM development. DLM myoblasts are not as disorganized
as their DVM counterparts, and may likely reflect the lower
levels of Rac expression (Fig. 2G). h-3 tubulin expression
labels the larval scaffolds at 12 h APF (Fig. 7G), but not
myoblasts. Later, as fusion is in progress, the developing
fibers are labeled along with a few scattered myoblasts (Fig.
7H), presumably in the process of fusion. By 24 h APF,
when the myogenic period is almost over, a large proportion
of myoblasts label with h-3 tubulin (Fig. 7I). Rac1N17-
expressing DLM myoblasts are not altered in morphology;
however, they strongly express h-3 tubulin as early as 20 h
APF (Figs. 7K, M).
Rac activity is required during larval stages for appropriate
IFM development
Our studies indicate that 1151/+; UAS-Rac1N17/+ larvae
grown at 25-C have a reduced pool of myoblasts. Thus,
25-C is a restrictive temperature, and the observed effects
on adult phenotypes is in part due to effects of Rac1N17 on
the myoblast pool in imaginal discs. In order to confine the
effects of Rac1N17 to the pupal stages, we chose to grow the
cross at 18-C until the larval stages and expose third instar
larvae/white pre-pupae to 25-C. Interestingly, in observing
the results of control experiments, we found that 1151/+;
UAS-Rac1N17/+ adults that emerge from a cross maintained
at 18-C, exhibited phenotypes that were similar to those
animals grown at 25-C (data not shown). To overcome this
problem, we used the Gal80ts TARGET system which
allows a temporal regulation of transgene expression
(McGuire et al., 2003; McGuire et al., 2004). Briefly, the
Gal80 protein binds to and represses Gal4. Gal80ts is a
temperature-sensitive mutation that inactivates the repressor
function of Gal80 at restrictive temperatures (29-C). Thus,
at permissive temperatures (18/25-C), the Gal80 molecule
binds to Gal4 and blocks activation of the UAS-transgene
(in our case, expression of 1151-driven UAS-Rac1N17 will
not occur). At restrictive temperatures (29-C), Gal80 is
inactivated, thus allowing targeted expression of the UAS-
transgene under Gal4 control. We have determined that the
Gal80ts molecule is inactivated 4–6 h after being shifted to
29-C (data not shown). In our hands, the permissive
temperature was determined to be 18-C.
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up experiments (18-CY 29-C) and shift-down experiments
(29-C Y 18-C). In the shift-up temperature regime,
embryonic and larval stages of 1151/+; Gal80ts/+; UAS-
Rac1N17/+ were grown at 18-C and moved to 29-C at the 0-
h pupal stage. At 29-C, Gal80ts can no longer suppress
Gal4, and therefore, in the shift-up experiments, Rac1N17 is
expressed during the pupal stages. In the shift-down
experiments, embryonic and larval stages of 1151/+;
Gal80ts/+; UAS-Rac1N17/+ were grown at 29-C and moved
to 18-C at the 0-h pupal stage. In this case, Rac1N17 is
expressed only during the embryonic and larval stages,
whereas the expression during pupal stages is suppressed.
Interestingly, examination of fiber profiles indicated that
muscle size and number were altered in the shift-down
experiments, but not in the shift-up experiments (Fig. 8).
Adults emerging from the shift-down experiments had fewer
(4.08 T 0.24) DLM fibers per hemithorax than the wild-type.
DVMs and the TDT were almost always absent, with
rudimentary tissue visible in sections. In the shift-up
experiments, adult thoraces had normal numbers of DLM
fibers (6 T 0). The DLM cross-sectional area in shift down-
experiments was reduced by 48% as compared to the shift-
up experiments. Thus, it can be concluded that development
of IFMs during metamorphosis relies on the appropriate
development of a myoblast pool during the larval stages.
This correlates well with our observations that Rac is
expressed in myoblasts of the wing imaginal disc.Discussion
Blocking Rac1 function in precursors of the indirect
flight muscle results in severe disruption of muscle
formation. The two muscle groups that comprise the IFM
are affected to different extents. The DLM fibers that
develop using larval scaffolds (Fernandes et al., 1991) are
reduced in number and fiber size, while the DVMs, which
develop using founder cells (Rivlin et al., 2000; Dutta et al.,
2004; Fernandes and Keshishian, 2005), are mostly absent.
Our studies indicate that the adult phenotypes are in part due
to reduced myoblast proliferation of myoblasts during the
third larval instar. About 5 h into metamorphosis, the wing
discs undergo a process of eversion, which involve
epithelial rearrangements. As a result, myoblasts that were
originally sequestered within the disc now are present at the
sites of myogenesis. As fusions first begin, DLM myoblasts
are seen to segregate around the larval scaffolds while DVM
myoblasts segregate into distinct muscle-forming primordia
(Fernandes et al., 1991). The recently described DVM
founder cells (Rivlin et al., 2000; Dutta et al., 2004;
Fernandes and Keshishian, 2005) can be labeled with
22C10 and h-3 tubulin and that these are present under
conditions of Rac1N17 expression. Despite the presence of
founder cells, fiber formation is rarely observed in the case
of the DVMs. Myoblasts are not able to segregate aroundthe founder cells and this defect precedes the evident block
in fusion. The lack of DVM myoblast segregation is
associated with altered myoblast morphology, indicating
that Rac regulates morphological changes necessary for
segregation. Although DLM myoblasts are able to segregate
around the larval scaffolds, the pace of fusion is reduced and
consequently there is a delay in DLM fiber formation.
Interestingly, Rac expression is higher in DVM myoblasts
than in DVM myoblasts, a feature that may have a bearing
on the distinct mode of myogenesis. Our studies show that
during myogenesis of the indirect flight muscle, Rac1 is
involved in the regulation of myoblast proliferation and
segregation, two new roles for Rac in Drosophila. These
results are summarized in Fig. 9.
Effects of Rac1N17 on proliferation of myoblasts
Adult muscle precursors have their origins in the embryo
(Bate et al., 1991). All embryonic muscle precursors express
the transcription factor Twist, which is downregulated at the
time of muscle formation (Bate et al., 1991). However, a
population of persistent Twist-expressing cells is detected at
the end of embryogenesis. In the thoracic regions, these
cells associate with imaginal discs, epithelial sacs that give
rise to cuticular structures. In the abdomen, they become
associated with segmental nerves. Through three larval
instars, the persistent Twist-expressing cells proliferate and
generate the adult pools of myoblasts which then contribute
to myogenesis of the adult muscles during metamorphosis
(Currie and Bate, 1991; Fernandes et al., 1991). The disc-
associated myoblast pool is known to expand maximally
during the third larval instar (Bate et al., 1991). Consistent
with this, our studies have shown that blocking Rac1
activity during the larval and not the pupal phase is
sufficient to mimic the IFM phenotypes seen under
conditions when Rac1 was blocked during the larval as
well as pupal stages.
DLM myoblast proliferation during pupal myogenesis
can be divided into an earlier nerve-independent phase and a
later nerve-dependent phase (Fernandes and Keshishian,
1998). This was determined by examining BrDU incorpo-
ration under conditions of experimental denervation. The
nerve-independent phase spans the period prior to fusion
(0–12/14 h), while the nerve-dependent phase spans the
period of peak fusion (16–24 h) and is also coincident with
the period of maximal higher-order neuronal outgrowth. It is
hypothesized that proliferation must occur to replenish the
myoblast pool and that the innervating motor neuron plays a
role in regulating proliferation, and thereby, target size.
Thus, there is a feedback between fusion and proliferation to
control the size of the myoblast pool, which during the
period of peak fusion ensures that fibers of the appropriate
size can be generated. We find that this nerve-dependent
proliferation stage is unaffected by the overexpression of
Rac1N17 at least until 20 h APF, suggesting that Rac may
not be involved in regulating DLM myoblast proliferation
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observed beyond 20 h APF might be the result of
accumulated unfused myoblasts influencing proliferation
rates through a feedback loop.
A role for Rac1 in regulating proliferation has been
established in vertebrates. During mammalian hematopoi-esis, Rac1 is required for proliferation, as demonstrated by a
severe reduction in the number of S andG2/M phase Rac1/
hematopoietic cells in culture, along with a lack of cyclin D1
expression (Gu et al., 2003). Similar effects of Rac activity
have been observed in vertebrate myoblasts. Heller et al.
(2001) have shown that, in culture, the number of C2
Fig. 8. Rac activity during the larval period is crucial for proper IFM
development. (A) When animals of the genotype 1151/+; Gal80ts/+; UAS
Rac1N17/+ were raised at 18-C during the embryonic (E) and larval (L)
stages and then moved to 29-C for the pupal phase, the IFM profile appears
normal. (B) The converse treatment results in smaller DLM fibers and
absence of DVMs. (C) Schematic indicating temperature regimes and the
outcomes. Scale bar = 100 Am.
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of DN-Rac1, and this is linked to a drop in cyclin D1 levels.
Similar results have been demonstrated with L6 myoblasts
that showed impaired cell-cycle exit upon expression of a
constitutively active form of Rac1 (Meriane et al., 2002).
This study also reported hyperactivation of Rac1 in
Rhabdomyosarcoma-derived cell lines. Interestingly, pro-
liferation was inhibited in these cell lines upon expression
of DN-Rac1.
At the molecular level, Rac has been implicated in
regulating the Ras driven PI3-kinase cascade that most
growth factors use to control cyclin D1 levels and
proliferation. This cascade results in the ultimate activation
of the extracellular-signal-regulated kinase (Erk) that upre-
gulates cyclin D1. Chaudhary et al. (2000) showed that theFig. 7. Myoblast morphology and organization during IFM development. Left c
Myoblasts. 12 h APF (A, B) Double labeling allows visualization of the DVM
tubulin; purple) which has yet to segregate into the DVM primordia. Founder cells
Myoblasts and developing fibers (*) labeled with anti-Tyr-Tubulin in controls (C
Tubulin (D) or h3-Tubulin (DV), which also labels the DVM founder cells (*; DV), w
organized around DVM I, and appear rounded or spindle shaped (see inset). Myo
shaped (inset). (G–M): h3-Tubulin expression during DLM development in con
restricted to the larval scaffolds (G), the developing fibers (H), and a subset of my
end, all myoblasts begin expressing h3-Tubulin (I, L). In experimental animals, on
of myoblasts is not altered in comparison to controls (see insets in panels L and M
panel K represents 50 Am in panels G–K.influence of PI3-kinase on Erk required Pak (p21-activated
kinase), which is a prominent Rac effector. More recently, it
has been shown that Ras-induced G1 to S-phase upregula-
tion of cyclin D1 requires Pak activity (Nheu et al., 2004).
Thus, it is now clear that Rac can directly affect cyclin D1
levels, and therefore might play a prominent role in
controlling cell proliferation in several contexts.
Rac regulates myoblast segregation
Having generated an appropriate myoblast pool, the next
task is to gather the myoblasts at specific sites to establish
distinct muscle-forming groups or primordia. This brings
myoblasts in close proximity, allowing the onset of fusion
and the initiation of nascent fiber formation. In the
Drosophila embryo, founder cells prefigure each of the
30+ muscles per hemisegment, and as fusions begin, they
confer muscle-specific properties on the developing synci-
tium. The IGSF protein dumbfounded, known to be
expressed in founder cells, serves to attract surrounding
fusion competent cells, which then leads to fusion (Ruiz-
Gomez et al., 2000). The implicit processes, i.e., attraction,
adhesion, alignment, and membrane breakdown, have been
described at the EM level (Doberstein et al., 1997).
The DLMs and the DVMs, which make up the thoracic
Indirect Flight Muscle, have distinct modes of develop-
ment (Fernandes et al., 1991). The DLM uses larval
scaffolds, which are thought to function like founder cells
in that they span future attachment sites and serve as
fusion targets for myoblasts. DVMs were known to
develop without the use of larval scaffolds and recently,
founder cells have been implicated in prefiguring DVM
fibers (Rivlin et al., 2000; Dutta et al., 2004; Fernandes
and Keshishian, 2005). Unlike the embryonic founder
cells, which are indistinguishable from surrounding myo-
blasts, the DVM founder cells can be distinguished by
their much larger size. We were able to detect founder cells
using 22C10 as well as h-3 tubulin; this is the first report
of visualizing the entire DVM founder cell. It is postulated
that DVM founder cells ‘‘arrive’’ at the sites of myogenesis
from the leg disc (Rivlin et al., 2000) whereas the
myoblasts are derived from the wing disc (Lawrence,
1982; Fernandes et al., 1991). The lack of DVM fibers in
Rac1N17-expressing myoblasts can be due to several
reasons: founder cells fail to arrive due to defects inolumn: UAS-Rac1N17/+. Right column: 1151/+; Rac1N17/+. (A–F) DVM
founder cells (h3-Tubulin; green) amid the pool of myoblasts (tyrosinated
that prefigure the 3 fibers of DVM I are indicated (A; *). 16 h APF (C–DV)
). Myoblasts in Rac1N17/+ appear disorganized. Visualized using anti-Tyr
hich are very prominent. 24 hAPF (E, F): Myoblasts in controls (E) are wel
blasts in experimental animals (F) are disorganized, and are mostly spindle
trols (G–I, L) and experimental animals (J, K, M). Initially, expression is
oblasts (H) presumably in the process of fusion. When myogenesis nears its
set of h3-Tubulin expression in myoblasts occurs earlier. The overall shape
). Scale bar in panel A represents 50 Am in panels A–F, L–M. Scale bar in:
-
l
Fig. 9. (A) Schematic representation of processes and gene expression during IFM myogenesis. (B) Rac signaling during myogenesis. Signals from
extracellular ligands may use Rac1 as a central signal transducer to regulate downstream pathways that lead to proliferation, changes in cellular morphology,
and fusion. These signals might originate from the same, or different receptors at different times.
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is blocked. Our studies have shown that the founder cells
are present and that myoblasts are initially able to align
along the long axis of the founder cell. However, the later
steps of myoblast segregation and fusion do not occur.
It has been reported that founder cells in 1151/+;
Rac1N17/+ do express dumbfounded (Dutta et al., 2004),indicating therefore that the myoblasts are not able to
respond to the attractive cue, presumably as a result of
Rac1N17-mediated alterations in the cytoskeleton. Interest-
ingly, the lack of DVM myoblast segregation is also
observed under conditions of denervation; but in that case,
DUF expression in founder cells is abolished (Fernandes
and Keshishian, 2005). This has led to the hypothesis that
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DUF expression, which is then responsible for myoblast
segregation and subsequent fusion. In 1151/+; UAS
Rac1N17/+, both DVM founder cells (Fig. 5) and innervation
(data not shown) are normal; therefore, the lack of
segregation is likely due to the inability to migrate toward
the founder cell. Consequently, the subsequent step of fusion
is affected. We cannot rule out the possibility that Rac may
also affect the fusion step itself. Early in myogenesis, the
transcription factor Erect Wing (EWG) is expressed in a
subset of myoblasts prior to fusion. Presumably, these are
myoblasts closest to the scaffolds or the founder cells. In
Rac1N17-expressing animals, myoblasts do express EWG,
indicating that a differentiation program for fusion has been
triggered. However, they are unable to fuse.
Myoblast segregation, although not comparable to the
controls, is observed around the DLM scaffolds, and most
likely facilitates the residual fusion and fiber formation. The
DLM scaffolds may be more effective at myoblast
segregation than the DVM founder cells. It is noteworthy
that DVM myoblasts have to migrate over a greater distance
during segregation as compared to the DLM myoblasts.
This process has to be carefully controlled as myoblasts
present in the DVM region (lateral), also segregate into
Direct Flight Muscle-forming units. Thus, the demands
placed on DVM founder cells and their fusion competent
pool to bring about segregation are probably more stringent
than those placed on the DLM scaffolds.
Several studies have demonstrated a central role for Rac
in regulating dynamics of the cytoskeleton, and therefore, of
events such as axon outgrowth and cell migration. Localized
increases in Rac activity have been seen at the protruding
end of migrating cells (Kraynov et al., 2000) and is thought
to control actin polymerization required for the formation of
lamellipodia (Raftopoulou and Hall, 2004). The Rho
GTPases also influence axon and dendrite outgrowth in
neurons (reviewed by Luo, 2002 and Van Aelst and Cline,
2004). In culture, Rac1/ hematopoietic stem cells show
increased cell spreading (Gu et al., 2003). In view of these
demonstrated effects of Rac activity in regulating cell shape,
it is surprising that the morphology of Rac1N17-expressing
myoblasts in the imaginal disc is not different from the
control myoblasts. It is likely that since the myoblasts are
packed closely together on the imaginal disc, there is less
room for gross changes to morphology.
Myoblast differentiation and fiber formation
Normally, the expression of h-3 tubulin is seen in the
nascent fibers during the period of maximal fusion, and is
expressed by myoblasts only later (24 h APF). The
significance of this later expression may have a bearing
on the fact that, by this time, proliferation is already on the
decline, and may signal the rapid differentiation of remain-
ing myoblasts so that fusion can be completed in a timely
manner. An interesting consequence of Rac1N17 over-expression is that unfused myoblasts begin expressing h-3
tubulin as early as 16–18 h APF. This may be similar to
observations in cultured skeletal myoblasts, where it was
shown that expression of the dominant negative Rac protein
resulted in increased differentiation (Heller et al., 2001).
The six DLMs develop from three persistent larval
scaffolds, which undergo a process of splitting as myoblasts
fuse with them. The splitting occurs as a result of the
increased membrane surface due to fusing myoblasts. In
Rac1N17-expressing animals, myoblast fusion is initiated in
the DLMs, but it does not proceed at the normal pace. Thus,
at 24 h APF, when much of the fusion is completed and the
six DLM fibers are evident, DLM scaffolds are not yet in
the splitting mode. Thus, unlike the DVMs, myoblast fusion
does occur in the DLMs, and is likely to be due to the
ability of larval scaffolds to draw myoblasts to the sites of
fusion.
There are three DVM groups in the thorax. DVM I has
three fibers, while DVM II and III have 2 fibers each.
Each fiber is seeded by one DUF-positive founder cell,
except for DVM III, where the mean number is 1
(Fernandes and Keshishian, 2005). When Rac1 function
is blocked, fusion does not occur and is most likely due to
the absence of segregation into the muscle-forming
primordia. However, the founder cells persist through
myogenesis and into the adult stage (Dutta et al., 2004;
this study), indicating that an association with the
innervating neuron is sufficient for maintenance. This
feature is similar to what was observed in embryos of
myoblast city mutants, where fusion is disrupted and
founder cells are found spanning their attachment sites and
expressing specific markers (Rushton et al., 1995).
In conclusion, we have shown that blocking Rac1
function in adult myoblasts reduces proliferation prior to
myogenesis. During myogenesis, its major role is in
regulating cell shape changes that are important for
segregation and fusion of myoblasts. DVM myoblasts are
most severely affected as a result of blocking Rac1 function,
likely reflecting a more stringent requirement for Rac1 than
in DLM myoblasts. As has been proposed in previous
studies, the role of Rac in regulating processes such as
proliferation, cell shape, and fusion may be initiated by
distinct signaling pathways (Hakeda-Suzuki et al., 2002; Gu
et al., 2003). Future studies will identify the signaling
pathways that regulate proliferation and myoblast morpho-
logy in the context of adult myogenesis.Acknowledgments
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